Background: Cigarette smoking has been linked to higher susceptibility and increased risk of progressive multiple sclerosis (MS). The effects of smoking on MRI characteristics of patients with MS have not been evaluated.
conversion from clinically isolated syndromes (CIS) to clinically definite MS; the interval to the first relapse occurred sooner in smokers and the hazard ratio for conversion over 3 years for smokers was 1.8 compared with nonsmokers. 11 Smoking worsens the prognosis for progressive disease, 12 and the hazard ratio of secondary progression was 3.6 for ever-smokers compared with never-smokers. 8 Cigarette smoking can also exacerbate MS, both chronically and acutely. 2, 9 MRI provides the best available surrogate markers for monitoring the MS disease process and for assessing the effects of treatments and can therefore complement the currently available epidemiologic evidence for the role of smoking in MS disease progression. Numerous studies have shown MRI measures to be generally more sensitive than clinical measures such as the Kurtzke Expanded Disability Status Scale (EDSS) and the Multiple Sclerosis Functional Composite because it can provide evidence for subclinical disease activity. A diverse array of MRI metrics capable assessing pathologic processes ranging from transient blood-brain barrier breakdown and lesion dynamics to more irreversible atrophy is available. The mechanisms that relate cigarette smoking to MS risk or progression are not well understood, and the extent of anatomic brain damage associated with smoking in patients with MS has not been characterized. The goal of this study is to compare the MRI characteristics of smokers and nonsmokers with MS to better understand the role of cigarette smoking in MS and further identify underlying mechanisms that relate to MS disease progression.
METHODS Study population. Consecutive patients with
MS at the Baird Multiple Sclerosis Center were prospectively enrolled at the time of their routine clinical follow-up visit, and the patients with CIS were enrolled at the time of their first visit.
The inclusion criteria were MRI examination and smokingrelated history obtained at the time of the patient's clinical visit (Ϯ30 days), age 18 -80 years, and EDSS score 0 to 8.5. Exclusion criteria consisted of relapse and steroid treatment in the 1 month preceding study entry, preexisting medical conditions known to be associated with brain pathology (e.g., neurodegenerative disorders, cerebrovascular disease, positive history of alcohol abuse), and insufficient quality of the MRI scan for quantitative analysis.
Based on the self-reported smoking questionnaire, subjects were classified as never-smokers or ever-smokers (including both currently active smokers and former smokers). The smoking questionnaire was based on the smoking-related questions in the New York State Multiple Sclerosis Consortium (a regional affinity group of 16 MS treatment centers throughout New York State) questionnaire and included additional questions that were developed for this study. The questionnaire collected data on smoking history and current smoking habits, including number of cigarettes smoked per day and numbers of years of smoking. The active smokers were classified those who smoked more than 10 cigarettes per day in the 3 months before the study start, and the former smokers were those who had smoked cumulatively for at least 6 months sometime in the past. Of the 368 enrolled patients, there were 240 never-smokers and 128 ever-smokers (of these, 96 were active smokers and 32 were former smokers). The demographics are summarized in table 1.
The clinical assessments included patient's age at MRI scan, disease type, 13 duration of the disease, disability examination assessed by EDSS, and the presence, type, and duration of diseasemodifying therapy.
Standard protocol approvals, registrations, and patient consents. The study data were obtained under a protocol approved by the Human Subjects Institutional Review Board of the University at Buffalo. Written informed consent was obtained from all patients participating in the study.
MRI acquisition and analysis. Image acquisition. Quantitative MRI analysis was available for all patients. Patients underwent brain MRI using a 1.5-T General Electric Signa 4x/Lx, scanner. The following scans were acquired: axial dual fast spinecho T2/proton density-weighted image, 3-dimensional spoiled-gradient recalled T1-weighted image, spin-echo T1weighted image with and without gadolinium contrast, and fast fluid attenuated inversion recovery. The acquisition parameters are summarized in appendix e-1 on the Neurology ® Web site at www.neurology.org.
Image analysis. The MRI analysts were blinded to patients' clinical characteristics and clinical status. The following MRI measures were performed: T1, T2, and gadolinium contrastenhancing (CE) lesion volumes (LVs), and measures of central, global, and tissue-specific brain atrophy (tables 1 and 2).
Lesion measures. The T2 and T1 LVs were measured using a semiautomated edge detection contouring-thresholding technique previously described. 14 Global atrophy measures. Statistical Parametric Mapping (SPM5, Institute of Neurology, Queen Square, London, UK) was used. 15 The MRI scans were aligned, stripped of extracranial tissue (e.g., soft tissue, skull, orbit), and segmented into brain parenchyma and CSF compartments. 16 The brain parenchymal fraction (BPF), a measure of normalized brain volume, was computed by dividing the total brain parenchyma by total intracranial volume. Similarly, gray matter fraction (GMF) and white matter fraction (WMF) were obtained by dividing each of these variables by total intracranial volume. Images were weighted by their 3-dimensional lesion masks to exclude the lesions from the normalization images. 17 The scan-rescan reliability was 0.4% for BPF, 0.3% for GMF, and 0.9% for WMF. 18 Central atrophy measures. In addition to global atrophy, central brain atrophy measures were calculated: lateral ventricle volume (LVV) and third ventricle width (3VW), as previously described. 19, 20 Data analysis. The program SPSS-16 (SPSS Inc., Chicago, IL) was used. The cube root transformation was applied to T2, T1, and CE LVs. 20 The LVV and 3VW, which are MRI measures of central atrophy, were logarithm (base 10) transformed. These variables ex-hibited large deviations from normality in probability-probability (P-P) plots. Deviations from normality, linearity, and homoscedasticity in the dependent variable can adversely affect the normality of the distribution of residuals required for regression analysis. The transformation procedures were effective at reducing the skewness of MRI parameters as assessed with P-P plots.
In multivariate linear regression analysis, the MRI variable of interest was the dependent variable; the independent variables were age, sex, disease and treatment durations, presence of progressive MS, and smoking status.
The number of CE lesions (dependent variable) was analyzed using a Poisson log-linear regression model wherein age, disease duration, and treatment duration were covariates and smoking status, sex, and presence of progressive MS were factors. Poisson regression is appropriate for count and count rate variables and has been previously used for modeling CE lesion activity and relapse rates in MS. 21 The EDSS is an ordinal scale, and the polytomous universal model ordinal regression method with age, disease duration, and treatment duration as covariates and smoking status, sex, and presence of progressive MS as factors was used for analysis.
Because of the multiple testing involved in the analysis of MRI and clinical data, we used a conservative ␣ ϭ 0.01 to assess significance. A statistical trend was assumed if p Յ 0.05.
RESULTS Study population. Demographic, clinical, and MRI characteristics are summarized in table 1. The never-smoker and ever-smoker groups did not differ in age, disease duration, or treatment duration. The proportion of females was 79% in both groups, and the proportion of patients with progressive MS was 74% in both groups. There was a modest differ- The proportion of patients using diseasemodifying therapies was 90% in the never-smoker group and 89% in the ever-smoker group; 74% of never-smokers and 73% of ever-smokers were using interferon-␤ therapy; 10% of never-smokers and 13% of ever-smokers were using glatiramer acetate.
EDSS. The median (interquartile range) EDSS score for the ever-smoker group was 3.0 (2.0), compared with 2.5 (2.5) for the never-smoker group. In ordinal regression analysis, the association of EDSS score ( 2 ϭ 140, p Ͻ 0.001) with never-smoker/eversmoker smoking status variable (Wald parameter ϭ 8.29) had p ϭ 0.004, which is less than the adjusted ␣ ϭ 0.01 required for significance.
Lesion-related MRI measures.
The mean values of the key lesion-related (CE lesion number, T2 LV, T1 LV) and central atrophy (LVV) MRI measures are summarized in the figure. The mean number of CE lesions for the ever-smoker group was 1.2 Ϯ 4.1, compared with 0.72 Ϯ 2.5 in the never-smoker group (figure, A). Poisson regression analysis indicated that the ever-smoker status was associated with greater number of CE lesions (Wald 2 for smoking status variable ϭ 17.0, p Ͻ 0.001). In regression analysis, the association between CE LV with smoking status had a positive slope of 0.90 (SE ϭ 0.44) and p ϭ 0.043. These results indicate that ever-smokers are at higher risk for developing more numerous CE lesions.
The regression results summarized in table 2 demonstrate that smoking is associated with increased T2 LV and T1 LV.
Global and central atrophy measures. The regression results for GMF and BPF, which are considered global and tissue-specific atrophy measures, and LVV and 3VW, which are central atrophy measures, are shown in table 2. There was no evidence for an association between smoking and GMF. The overall model for WMF was not significant ( p ϭ 0.87) and was considered uninformative. However, the association between BPF with smoking status had a negative slope of Ϫ0.006 (SE ϭ 0.003) and p ϭ 0.047, indicating that smoking is associated with greater global atrophy. Smoking was associated with an increase in the LVV ( p ϭ 0.001) and with increased 3VW; the latter association had p ϭ 0.023. These changes are consistent with increased central atrophy in smokers.
These regression analyses were also conducted using the never-smoker, former smoker, and active smoker categories of the smoking status variable. The associations of EDSS score ( p ϭ 0.005 for nonsmokers), CE LV ( p ϭ 0.039), T2 LV ( p ϭ 0.023), T1 LV ( p ϭ 0.011), LVV ( p ϭ 0.021), and 3VW ( p ϭ 0.040) with the never-smoker/former smoker/active smoker smoking status variable were qualitatively similar to those obtained with the ever-smoker/ never-smoker smoking status variable. There was no evidence for an association with the number of packs smoked per day and with former smoker/active smoker status among the ever-smokers. DISCUSSION In patients with MS, smoking was associated with higher increased lesion burden and greater brain atrophy. Our results indicate that a wide range of quantitative brain MRI markers is affected by smoking in patients with MS.
MS ever-smokers in our study had higher EDSS scores than never-smokers (median EDSS score 3.0 in ever-smokers vs 2.5 in never-smokers, p Յ 0.001). This finding supports previous reports showing that cigarette smoking increases the risk for disease progression. 8, 12 In our cohort, we observed an association between smoking and an increased number of CE lesions. Nicotine, a major component of cigarettes, has been shown to increase microvascular blood flow on the brain and to raise the influx of permeable solutes across the blood-brain barrier in rats. 22 This is important because leakage of the blood-brain barrier has been suggested as a factor in initiating the development of MS, and may be relevant to the recent report that cigarette smoking increases the risk of converting from CIS to clinically definite MS. 11 Cigarette smoking causes a transient worsening of motor functions in patients with MS compared with healthy controls. 23 We discuss some limitations of our study. Some of the shortcomings are related to the nature of selfreported questionnaire used. For example, we have not been able to consider secondhand smoke. Children exposed to parental smoking were found to have a higher MS risk: the duration of exposure affected the level of risk 24 and the incidence of MS increased with the cumulative exposure to smoking. Another potential criticism is our definition of the ever-smoker group. Most epidemiologic studies, e.g., National Health and Nutrition Examination Survey III, require exposure to 100 or more cigarettes, 25 which may involve an exposure period of 3 to 12 months of active smoking, depending on individual-specific changes in smoking patterns in response to the evolution of nicotine dependence. Given the reduced social acceptance and stigma associated with smoking in the United States, we expected that subjects would harbor some reservation regarding smoking behaviors of a limited nature, and we selected the cutoff of 6 months based on reasoning that subjects would be likely to recall and more willingly provide information regarding a 6-month period of cigarette smoking. A different, less stringent definition of past smoking could in theory influence the distribution of sample size between the ever-smoker and never-smoker groups.
Patients with MS exhibit a higher frequency of behaviors including cigarette smoking, alcohol abuse/ dependence, and lower levels of physical activity that are known to adversely affect health outcomes. 26 Smoking can also be associated with other comorbidities and with other environmental risk factors for MS, such as increased anti-Epstein-Barr virus antibodies. 26, 27 Our exclusion criteria consisted of conditions that may influence quantitative MRI analysis, including cerebrovascular disease and positive history of alcohol abuse. However, we did not obtain data on other comorbidities, such as obesity, hypertriglyceridemia, and hypertension. African-Americans tend to have a more severe MS disease process, with rapid progression of disability and poor response to first-line disease-modifying therapies. 28 There is increasing evidence that smoking patterns differ between African-Americans and white Americans. 29 Our study did not have sufficient African-Americans and was not powered to address the contributions of racial differences in smoking behavior.
We also did not observe associations between the years of smoking or pack-years smoked. The exact reasons for the lack of association are not clear but might be related to the self-reported nature of the questionnaire. However, several other studies of smoking in MS have reported associations with the ever-smoker vs never-smoker status, 8, 11, 12 but their results with the continuous variables of duration of smoking and pack-years of smoking have not been emphasized to the same extent. Despite these limitations, the advantage of the panel of MRI measures we used is that they can assess both transient pathologic processes such as blood-brain barrier breakdown and long-term, relatively irreversible processes such as cumulative neurodegeneration.
The biological basis of the potential link between smoking and MS has not yet been fully elucidated. In addition to nicotine, cigarette smoke contains hundreds of potentially toxic components, including tar, carbon monoxide, and polycyclic aromatic hydrocarbons. 9 Two phases of cigarette smoke exist: a tar or particulate phase and a gaseous phase, both of which contain extremely high concentrations of free radicals. Several hypotheses based on biological mechanisms link cigarette smoking to MS and to other autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematosus. 9, 30, 31 The most frequent suggested mechanisms include possible vascular effects, effects on the immune system, increased production of nitric oxide, increased frequency of respiratory infections, and a potential direct neurotoxic effect of cyanides and other components of cigarette smoking. 9 Cigarette smoke also affects the influx and activation of neutrophils, macrophages, and monocytes, 32 and in addition, it increases the expression of the activation marker Fas (CD95) on B and CD4 T-lymphocyte cell surfaces. 33 Smoking is also associated with increases in C-reactive protein, interleukin 6, and urinary thromboxane metabolites, which are important markers of inflammation in autoimmune diseases. [34] [35] [36] Data from animal models indicate that cigarette smoking also increases expression of matrix metalloproteinase 9. 37 Increases in the ratio of matrix metalloproteinase 9 to the levels of its endogenous inhibitors are associated with gadolinium CE lesion activity on MRI of patients with MS. 38 Cigarette smoking also has antiestrogenic effects through the formation of inactive 2-hydroxy catechol estrogens 39 and affects the hormonal balance in women, which may in turn affect the Th1-Th2 balance. 40 Our findings provide evidence for a link between smoking and brain injury and could be important for providing the support for antismoking education in schools and more targeted smoking cessation programs to patients with MS. The potential mechanisms are still unclear, but the growing body of epidemiologic evidence for the association of cigarette smoking and MS warrants further investigation with well-designed prospective studies with MRI measures.
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